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Abstract 
We investigated the U–Ni–B and Nb–Ni–B systems to search for possible new heavy fermion 
compounds and superconducting materials. The formation, crystal chemistry, and physical properties of 
U2Ni21B6 and Nb3–yNi20+yB6 [ternary derivatives of the cubic Cr23C6-type (cF116, Fm3 ̅m)] have been 
studied; the formation of the hypothetical “U3Ni20B6” and “Nb2Ni21B6” has been disproved. U2Ni21B6 [a 
= 10.6701(2) Å] crystallizes in the ordered W2Cr21C6-type, whereas Nb3–yNi20+yB6 [a = 10.5842(1) Å] 
adopts the Mg3Ni20B6-type. Ni in U2Ni21B6 can be substituted by U, leading to the solid solution 
U2+xNi21–xB6 (0 ≤ x ≤ 0.3); oppositely, Nb in Nb3Ni20B6 is partially replaced by Ni, forming the solution 
Nb3–yNi20+yB6 (0 ≤ y ≤ 0.5), none of them reaching the limit corresponding to the hypothetically 
ordered “U3Ni20B6” and “Nb2Ni21B6”. These results prompted us to investigate quaternary compounds 
U2–zNbzNi21B6 and UδNb3−δNi20B6: strong competition in the occupancy of the 4a and 8c sites by U, 
Nb, and Ni atoms has been observed, with the 4a site occupied by U/Ni atoms only and the 8c site filled 
by U/Nb atoms only. U2Ni21B6, U2.3Ni20.7B6, and Nb3Ni20B6 are Pauli paramagnets. Interestingly, 
Nb2.5Ni20.5B6 shows ferromagnetism with TC ≈ 11 K; the Curie–Weiss fit gives an effective magnetic 
moment of 2.78 μB/Ni, suggesting that all Ni atoms in the formula unit contribute to the total magnetic 
moment. The M(H) data at 2 K further corroborate the ferromagnetic behavior with a saturation moment 
of 10 μB/fu (≈0.49 μB/Ni). The magnetic moment of Ni at the 4a site induces a moment in all of the Ni 
atoms of the whole unit cell (32f and 48h sites), with all atoms ordering ferromagnetically at 11 K. Density 
functional theory (DFT) shows that the formation of U2Ni21B6 and Nb3Ni20B6 is energetically preferred. 
The various electronic states generating ferromagnetism on Nb2.5Ni20.5B6 and Pauli paramagnetism on 
U2Ni21B6 and Nb3Ni20B6 have been identified. 
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ABSTRACT
We investigated the U-Ni-B and Nb-Ni-B systems to search for possible new heavy fermion 
compounds and superconducting materials. The formation, crystal chemistry and physical 
properties of U2Ni21B6 and Nb3yNi20+yB6 [ternary derivatives of the cubic Cr23C6-type (cF116, 𝐹𝑚
)] have been studied; the formation of the hypothetical “U3Ni20B6” and “Nb2Ni21B6” has been 3𝑚
disproved. U2Ni21B6 [a = 10.6701(2) Å] crystallizes in the ordered W2Cr21C6-type, whereas 
Nb3yNi20+yB6 [a = 10.5842(1) Å] adopts the Mg3Ni20B6-type. Ni in U2Ni21B6 can be substituted by 
U leading to the solid solution U2+xNi21xB6 (0  x  0.3); oppositely, Nb in Nb3Ni20B6 is partially 
replaced by Ni forming the solution Nb3yNi20+yB6 (0  y  0.5). None of them reaching the limit 
corresponding to a hypothetically ordered “U3Ni20B6” and “Nb2Ni21B6”. These results prompted us 
to investigate quaternary compounds U2zNbzNi21B6 and UNb3Ni20B6: strong competition in the 
occupancy of the 4a and 8c sites by U, Nb and Ni atoms has been observed, with the 4a site 
occupied by U/Ni atoms only and the 8c filled by U/Nb atoms only. U2Ni21B6, U2.3Ni20.7B6 and 
Nb3Ni20B6 are Pauli paramagnets. Interestingly, Nb2.5Ni20.5B6 shows ferromagnetism with TC  11 
K; the Curie-Weiss fit gives an effective magnetic moment of 2.78 µB/Ni, suggesting that all Ni 
atoms in the formula unit contribute to the total magnetic moment. The M(H) data at 2 K further 
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2
corroborate the ferromagnetic behavior with a saturation moment of 10 B/f.u ( 0.49 µB/Ni). The 
magnetic moment of Ni at the 4a site induces a moment in all the Ni atoms of the whole unit cell 
(32f and 48h sites) with all atoms ordering ferromagnetically at 11 K. Density functional theory 
(DFT) shows that the formation of U2Ni21B6 and Nb3Ni20B6 is energetically preferred. The various 
electronic states generating ferromagnetism on Nb2.5Ni20.5B6 and Pauli paramagnetism on U2Ni21B6 
and Nb3Ni20B6 have been identified.
 NTRODUCTION
Compounds crystallizing in the cubic Cr23C6 prototype1,2 (Pearson symbol cF116, space group 𝐹𝑚3
, No. 225, Z = 4) have recently attracted considerable attention due to their refractory, mechanical 𝑚
and magnetic properties.3-5 They have found applications in wear-resistant nickel-based hard 
alloys.6 In particular, the ternary metal-rich borides of 3d transition metals play an important role in 
hardening processes of alloys, as they are formed on the metal surface by boridization or between 
grain boundaries of the alloys by segregation.7 Of more fundamental interest is the investigation of 
multipolar effects in compounds crystallizing in the Cr23C6-type. Interestingly, it has been reported 
that quadrupolar effects can be observed in compounds adopting this prototype, arising from the 
orbital degeneracy of the 4f (5f) electrons in lanthanide (actinide)-based systems.8 This observation 
has raised the interest of the scientific community to investigate these systems for magnetism and 
possible strong electron correlation effects.8
The Cr23C6 structure was first studied by X-ray powder diffraction1 and subsequently confirmed 
by single crystal X-ray diffraction.2 The unit cell features five Wyckoff positions: the 4a, 8c, 32f 
and 48h sites being all occupied by Cr atoms, while the 24e site is occupied by C atoms. A large 
number of ternary derivatives of this structure type either with a composition M2T21X6 (M = Ca-Fe, 
Zr-Mo, Hf-Re, Ga, In, Ge, Sn, Sb, Ce, Nd, Ho-Lu, U; T = Cr-Ni, Pd; X = B, C, Si, P) or M3T20X6 
(M = Mg, Sc-V, Mn, Zn, Y-Mo, Hf, Ta, La-Nd, Sm-Yb, Al, Ga, In, Sn, U; T = Cr, Fe-Ni, Pd; X = 
B, C, Si, P, Ge) is reported in the literature.9,10 They crystallize in two ordered ternary derivatives of 
the binary Cr23C6 prototype: the W2Cr21C6-type11 and the Mg3Ni20B6-type.12 In these ternary types 
the 32f and 48h sites are occupied by Cr and Ni atoms, while the 24e site is occupied by C or B 
atoms, respectively. The difference between the two structures is the occupancy of the 4a and 8c 
sites: in W2Cr21C6 the two sites are fully occupied by the smaller Cr and the bigger W atoms, 
respectively, while in Mg3Ni20B6 both sites are occupied by Mg atoms only. For several of the 
M2T21X6 and M3T20X6 compounds the crystal structure has been refined from single-crystal X-ray 
diffraction data. By looking at the previous reports for the W2Cr21C6-type compounds 
(Ga1.1Co21.9B6 and Sn1.6Co21.4B6,7 Ta2Co21B6,13 Er1.82Ni21B6,14 Yb1.70Ni21B6,14 Yb1.86Ni21B614 and 
Lu1.65Ni21B6,14 In2Ni21B6,15 Sc2Ni21B66 and Zr2Ni21B6,6 In2Ni21P616 and Sn2Ni21P617) and the 
Mg3Ni20B6-type compounds (Al2.1Co20.9B6,7 Al3Ni20B618 and Al2.49Ni20.51B6,18 Zn1.6Ni21.4B6,19 
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3
Ga3Ni20B6,19 In0.8Ni22.2B6,19 InNi22B6,19 In1.4Ni21.6B619 and Sn1.9Ni21.1B6,19 Ce3Pd20Ge6,20 
Mg3Ni20P6,21 Mn3Ni20P621 and Ir9.20Fe13.8B622), it becomes evident that for most of them only the 
nominal composition is reported (thus appearing as stoichiometric line compounds)10. Moreover, 
due to the lack of a structural refinement, it remains unclear if a given compound adopts the 
M2T21X6- or the M3T20X6-type structure. Among all of the M2T21X6 and M3T20X6 phases, the 
ternary borides are the most abundant; more than 80 representatives have been reported to exist.9 
These phases, called -borides, are formed with a 3d transition metal (Cr/Ni), occupying the 32f and 
48h sites, and a rare earth metal, or a 4d (5d) metal, or a p-block element, occupying the 4a and 8c 
sites.23-25 Within this set, our attention was drawn to the U-Ni-B and Nb-Ni-B systems to search for 
possible new heavy fermion compounds and superconducting materials. Literature data on these 
two ternary phase diagrams26 are based on works reported by Schöbel and Stadelmaier27 (isothermal 
section at 1073 K of the Ni-rich corner) and Sobolev et. al28 (complete isothermal section at 1223 
K) for the Nb-Ni-B system and Val’ovka and Kuz’ma29 (isothermal section at 873 K in the range 
35-100 at.% U and at 1073 K in the range 0-35 at.% U) for the U-Ni-B system. U and Nb are two 
metals with comparable atomic size and quite similar alloying behavior. U-based intermetallic 
compounds frequently show anomalous crystal-chemical, magnetic and ground state behaviors 
(unconventional superconductivity, coexistence of magnetic order and superconductivity, heavy 
fermion behavior, etc). The investigation of U-based systems is important as it allows to better 
understand and explain the phenomenon of the intermediate localization of the 5f orbitals of 
actinides, or hybridization of the 5f electrons with the 6d and 7s electrons, or with the electron states 
of the ligands.30
According to previous reports, U, with Ni and B, forms U2Ni21B6 (W2Cr21C6-type),31 while Nb 
forms both the Nb2Ni21B6 (W2Cr21C6-type)32 and Nb3Ni20B6 (Mg3Ni20B6-type)33 phases. Therefore, 
we have investigated samples with nominal composition “U2Ni21B6”, “U3Ni20B6”, “Nb2Ni21B6” and 
“Nb3Ni20B6” to study the formation, crystal chemistry and physical properties of these phases and 
of their intermediate solid solutions U2zNbzNi21B6 and U3NbNi20B6. While some of the physical 
properties of U2T21B6 (T = Co, Ni) have been reported,34 none of the physical properties have ever 
been measured for the Nb phases to the best of our knowledge. Theoretical calculations based on 
density functional theory (DFT) have also been performed in an attempt to support our 
experimental observations and provide a deeper understanding of the structure-property 
relationships in these compounds.
 EXPERIMENTAL AND THEORETICAL METHODS
Synthesis and phase analysis. The samples (total mass  2-3 g) were prepared by arc melting 
the elements, weighed in stoichiometric proportions (starting metals used were commercial high-
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4
purity products; purities were 99.9 wt.% for U and Nb, 99.99 wt.% for Ni and 99.7 wt.% for B), 
under a TiZr-gettered Ar atmosphere. U metal was depleted U; its surface was preventively cleaned 
in nitric acid in a chemical hood. Weighing and handling of U and all U-containing samples were 
carried out inside a glove-box under Ar atmosphere. The buttons were re-melted three times, 
turning them upside down each time, to ensure their homogenization. Great care has been taken to 
avoid loss in B, mainly during the first melting and reaction of the elements, due to the crumbling 
of B grains under the action of the electric arc. The total weight loss after melting was usually less 
than 0.2 wt.%; however, samples with total weight loss higher than 0.1 wt.% or with any visible B 
loss were discarded. They were placed in outgassed Ta tubes, then sealed under vacuum in fused 
silica ampoules and annealed at 1000°C for 5-10 days in a resistance furnace; finally, they were air 
cooled. Phase analysis was performed by optical and electron microscopy (OM and SEM), the latter 
in conjunction with energy dispersive X-ray (EDX) microprobe for semi-quantitative elemental 
analysis, and X-ray diffraction (XRD) investigations (powder and single crystal). The micrographic 
specimens were prepared by standard polishing technique of a vertical section of samples (cut top to 
bottom). As B has a very low atomic weight (especially if compared with Nb and U), it is very 
difficult to determine its correct EDX content. The elaboration of the data was carried out by 
assuming that no B (as well as neither Ni, Nb and U) loss occurred during the melting process; i.e., 
the total B amount alloyed into the buttons has been taken to be the same as the stoichiometric 
amount of 20.69 at.%). Therefore, the EDX analysis on the overall area of the specimen (15-20 
mm2) has been used as a standard of known composition to determine the B content of the B-
containing phases. Moreover, known binary line compounds present as secondary or impurity 
phases were further used as references to check for the accuracy in the M/Ni atomic ratio (M = U, 
Nb). In this way, the accuracy of the measurements was estimated to be within 0.5 at.% for U, Nb 
and Ni. X-ray powder diffraction patterns were collected either on a Stoe Guinier camera [Cu K1 
radiation and Si as an internal standard (a = 5.4308 Å)] and a X’Pert PRO Philips diffractometer 
(Cu K1 radiation; data were collected in continuous mode over the range 10°  2  110°, with a 
step size of 0.0167°). The Guinier powder patterns were indexed with the aid of Lazy-Pulverix35 
and accurate lattice parameters obtained by using least-square methods. Rietveld structural 
refinements were carried out by using the FullProf software36. Single crystals were selected from 
crushed sample fragments and affixed to a glass fiber with grease. They were tested at room 
temperature on either a Bruker APEX CCD diffractometer or a Bruker D8 VENTURE 
diffractometer (both with Mo Kα radiation; λ = 0.71073 Å) utilizing the APEX 3 software suites for 
data collection, integration, polarization and empirical absorption correction.37,38 Scans typically 
covered the 2 range of  6-65°. The XPREP algorithms in the SHELXTL suite were used to check 
the intensity data sets for extinction conditions and E statistics necessary for the assignment of the 
proper space group. Direct methods were used for structure solution (SHELXS-97).39 Structure 
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5
refinement (refined atomic positions, mixed site occupancy and anisotropic displacement 
parameters) was carried out with APEX software.
Physical properties measurements. Magnetization was measured by using a magnetic 
properties measurement system (MPMS) (superconducting quantum interference device 
magnetometer, SQUID, Quantum Design), while the heat capacity was measured on a physical 
property measuring system (PPMS, Quantum Design) employing an automated, relaxation method 
down to 1.8 K. Resistivity between 1.9 to 300 K in zero field was recorded using the four probe 
method on a home built automated set up which uses a Cernox resistor as temperature sensor.
Theoretical approach. The density functional theory (DFT) calculations40 for the synthesized 
M2Ni21B6 and M3Ni20B6 (M = U, Nb) compounds were performed by using the full-potential 
linearized augmented plane wave (FPLAPW) method41 as implemented in the WIEN2k package.42 
For Nb-based systems, generalized gradient approximation (GGA) under Perdew-Burke-Ernzerhof 
(PBE) parameterization43 was used as exchange-correlation functional. On the other hand, for U-
based systems, Coulomb correction in GGA with the inclusion of the Hubbard U-parameter for on-
site U-4f electrons’ correlation, was also made. The effective potential used for this purpose was 
Ueff = U - J, where onsite Coulomb interaction U = 4.50 eV and the exchange parameter J = 0.51 
eV, as suggested in recent work on a uranium compound44. The spin-orbit coupling (SOC) was 
included as second variational step approach in both GGA and GGA+U formalisms.45 The fixed 
spin moment (FSM) calculations were used to obtain the magnetic moment ( 10 µB) on the 
intermediate compound Nb2.5Ni20.5B6). With FSM approach, it is possible to constrain the total spin 
magnetic moment per unit cell to a fixed value and thus force a particular ferromagnetic solution. 
This is particularly useful for systems with several metastable magnetic solutions, where 
conventional spin-polarized calculation would not converge or the solution may depend on the 
starting density.42 We used RMTkmax equal to 8.5 for basis functions, and stricter energy and charge 
conversion criteria equal to 106. The Brillouin zone (BZ) integration was performed within a 10 × 
10 × 10 k-mesh using the modified tetrahedron method46 and the muffin-tin radii; RMT’s of U, Nb, 
Ni and B were chosen to be 2.1, 2.1, 2.0 and 1.6 a.u., respectively. The lattice parameters and 
atomic positions of present compounds, as obtained from Rietveld analysis of XRD powder 
patterns, were used to perform full potential calculations. The formation energies of all phases were 
estimated by subtracting equilibrium energy of elemental crystal structures from that of final crystal 
structure obtained.
 RESULTS AND DISCUSSION
Phase formation and crystal chemistry of U2+xNi21xB6 (0  x  0.3) and Nb3yNi20+yB6 (0 
 y  0.5). All the results discussed in this section have been derived from the complementary aid 
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6
of both X-ray diffraction and SEM-EDX data (see Experimental paragraph). Only the samples 
prepared with nominal compositions U2Ni21B6 and Nb3Ni20B6 resulted in single phase products 
(nearly single phase the latter: containing  2 wt.% of Ni3B). The two compounds were found to be 
cubic, belonging to the W2Cr21C6-type and the Mg3Ni20B6-type compounds, respectively; the 
corresponding Rietveld refinement profiles are shown in Figures 1a and b, respectively, while the 
refinement data are listed in Tables 1. Unlike U2Ni21B6 and Nb3Ni20B6 samples, the ones prepared 
with the nominal compositions “U3Ni20B6” and “Nb2Ni21B6” were three- and biphasic, respectively; 
SEM photos showing their microstructure are depicted in Figures 2a and b, respectively. For the 
U3Ni20B6 sample X-ray powder diffraction revealed the presence of the cubic compound as the 
main phase (prima facie with reflections of the Cr23C6-type), the hexagonal UNi4B (CeCo4B-type, 
hP12, P6/mmm, No. 191)47 and a minor amount of a new ternary U-Ni-B phase. SEM-EDX data of 
this sample furnished a composition of U2.3(1)Ni20.7(1)B6 for the cubic phase, confirmed the presence 
of UNi4B as an extra phase and of the new ternary compound with an approximate composition 
“U2Ni3B5” (in few %; Figure 2a). However, as the extra reflections of the X-ray powder pattern 
originating from the unknown minority phase were not indexable with any of the 2:3:5 prototypes 
known in the literature,10 a reliable Rietveld refinement for this sample could not be performed. 
Structural refinement for the cubic phase was instead performed on a selected single crystal. The 
refinement gave U2.24(1)Ni20.76(1)B6 as the final composition (see Table 1 for atomic coordinates and 
Table 2 for additional information on the data collection and structural refinement), with a U 
content which is in agreement with the average value observed by SEM-EDX. For simplicity, this 
limit of composition will be hereafter referred to as U2.3Ni20.7B6.
The X-ray powder pattern of the “Nb2Ni21B6” sample contained reflections of the cubic phase as 
the predominant phase and a minor amount of the Ni3B binary compound. Rietveld refinement led 
to an estimate of  85 wt.% of the cubic phase with a composition of Nb2.49(1)Ni20.51(1)B6, in very 
good agreement with single crystal data (Table 1), and  15 wt.% of Ni3B (Fe3C-type, oP16, Pnma, 
No. 62) (Figure 1c); the refinement data are collected in Table S1 (Supporting Information, SI). 
SEM-EDX data for this sample (Figure 2b) confirmed the powder diffraction data.
Further single crystal refinements were also performed on crystals picked up from the alloys 
Nb2Ni21B6 and Nb3Ni20B6 (atomic coordinates are in Tables 1 and S2, respectively; single crystal 
data are Table 2). The final stoichiometries obtained are Nb2.50(3)Ni20.50(3)B6 (hereafter referred to as 
Nb2.5Ni20.5B6) and Nb2.77(2)Ni20.23(2)B6; while for the former alloy the composition obtained from 
single crystal refinement is in perfect agreement with the results from Rietveld data (Table S1), for 
the latter the two refined compositions differ (Tables 1 and S2). The Rietveld refinement, furnishing 
a final stoichiometry of Nb2.99(1)Ni20.01(1)B6, with a negligible Nb by Ni substitution in the 4a 
position (Table 1), does not differ substantially from the nominal 3:20:6 composition; it is also in 
good agreement with the SEM-EDX analysis, thus confirming the ordered Mg3Ni20C6-type 
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7
structure for this compound. The composition Nb2.77(2)Ni20.23(2)B6 concerning one single crystal is 
not representative of the whole sample as the Rietveld refinement is. However, it was not possible 
to select any other clean and good-quality single crystals. The anisotropic displacement parameters 
are reported for all of the four compounds in Table S3.
The above results indicate that the structure of the parent U2Ni21B6 can host additional U at the 
expense of Ni up to a maximum content of  2.3 at./f.u. (atoms per formula unit), reaching the 
upper limit composition of  U2.3Ni20.7B6. As regards the Nb phase, the composition corresponding 
to the lowest limit “Nb2Ni21B6” is not reached: Nb solubility in the cubic structure starts from 2.5 
at./f.u. and achieves 3.0 at./f.u. with the full stoichiometry of Nb3Ni20B6. Therefore, the solid 
solutions in both systems can be described according to U2+xNi21xB6 (0  x  0.3) and 
Nb3yNi20+yB6 (0  y  0.5); the solubility ranges are schematically shown and compared in Figure 
3. The Rietveld refinement on the U2Ni21B6 compound indicates that the 8c Wyckoff site is fully 
occupied by the U atoms while the 4a, 32f and 48h sites are fully occupied by the Ni atoms. The 
data reveal that there may be a tendency for U to possibly replace Ni in the 4a position; however, 
the overall refined composition does not differ substantially from the nominal one (Table 1), thus 
confirming the ordered W2Cr21C6-type structure for this compound. For the solid solubility limit 
phase, U2.3Ni20.7B6, the single crystal structure refinement reveals that the 8c site is fully occupied 
by U atoms only, while the remaining U atoms partially occupy the 4a site along with Ni atoms 
(occupation factor of  0.25 and  0.75 for U and Ni, respectively) (Table 1). The overall crystal 
structure refinements performed on the Nb2.5Ni20.5B6 and Nb3Ni20B6 phases indicate full occupation 
of the 8c sites by Nb atoms in both structures; the 4a site occupation goes from the lowest value of 
0.5 in Nb2.5Ni20.5B6 to the full occupation by Nb atoms in Nb3Ni20B6, thus confirming the ordered 
Mg3Ni20B6-type structure for the latter.  
Similar results have been found for all phases reported to crystallize in either the W2Cr21C6- or 
Mg3Ni20B6-type for which the structure had been refined from single crystal X-ray diffraction 
data.7-22 An analysis of such data shows that the M2T21B6 compounds adopting the W2Cr21C6-type 
[formed between a IIIA or IVA group element (M = Ga, In, Sn), a transition element (M = Ta, Zr) 
or a rare earth element (M = Sc, Er, Yb, Lu) with Co and Ni] are those where the 4a site is always 
occupied by the transition element Co(Ni), while the M3T20B6 compounds crystallizing in the 
Mg3Ni20B6-type [formed between a IIIA and IVA group element (M = Al, Ga, In, Sn) and Co or Ni] 
are those where the 4a and 8c sites always show mixed M/Co(Ni) occupancy. For all these phases 
the 48h and 32f sites always remain fully occupied by Co(Ni) and the 24e by B atoms. Based on the 
above considerations, it can therefore be assumed that only U2Ni21B6 compound strictly adopts the 
W2Cr21C6-type, while the solid solutions U2+xNi21xB6 (for x > 0) and Nb3yNi20+yB6 adopt the 
Mg3Ni20B6-type, where both the 4a and 8c sites are occupied by U/Ni or Nb/Ni pairs, respectively. 
Analysis of interatomic distances (Table 3) reveals that in all the four compounds corresponding to 
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8
the limit of solid solubility, the atom occupying the 8c Wyckoff site (U for U2+xNi21xB6, and Nb for 
Nb3yNi20+yB6) is surrounded by 16 Ni atoms at two different distances (4 Ni at d  2.53 Å and 12 
Ni at d  2.93 Å for U2+xNi21xB6; 4 Ni at d  2.46 Å and 12 Ni at d  2.89Å for Nb3yNi20+yB6) 
forming a slightly distorted Frank-Kasper polyhedron with coordination number CN = 16 
[U(Nb)@Ni16] (Figure 4). These interatomic distances do not appreciably change on going from 
U2Ni21B6 to U2.3Ni20.7B6 or from Nb2.5Ni20.5B6 to Nb3Ni20B6; as a comparison, the values of d/rM 
(where rM is the sum of the two metallic radii48) are collected in Table 3. The atom occupying the 
Wyckoff site 4a (unit cell origin) (U/Ni or Nb/Ni) is surrounded by 12 Ni atoms all at the same 
distance, forming a regular cuboctahedron with CN = 12 [Ni(Nb)@Ni12] (Figure 5). This is the only 
interatomic distance, in both the U2+xNi21xB6 and Nb3yNi20+yB6 series, which shows a more 
evident variation on going from U2Ni21B6 to U2.3Ni20.7B6 or from Nb2.5Ni20.5B6 to Nb3Ni20B6 (Table 
3).
The lattice parameters (a) for the four cubic phases, as obtained by indexing the Guinier X-ray 
powder patterns, along with the obtained unit cell volume (Vobs) and the volume contraction (V 
%) are collected in Table 4 with V % defined as V = [(Vcalc – Vobs)/Vcalc]  100, where Vcalc is 
the cell volume calculated from the individual atomic volumes49 and Vobs is the experimentally 
observed cell volume. As expected, due to the increasing amount of U and Nb in the unit cell, both 
the lattice parameter and observed unit cell volume increase on going from U2Ni21B6 to U2.3Ni20.7B6 
and from Nb2.5Ni20.5B6 to Nb3Ni20B6. It is interesting to note that the volume contraction undergoes 
opposite trends: while it slightly decreases on going from the ordered U2Ni21B6 (4.60 %) to the 
disordered U2.3Ni20.7B6 (4.43 %), it increases on going from Nb2.5Ni20.5B6 (6.80 %) to Nb3Ni20B6 
(7.41 %). A stronger contraction takes place in the formation of the ordered U2Ni21B6 and 
Nb3Ni20B6 phases indicating and highlighting higher thermodynamic stability for the fully ordered 
compounds.
The quaternary systems U2zNbzNi21B6 and UNb3Ni20B6. The results obtained on the 
previous samples prompted us to investigate compounds formed within quaternary compositions: 
U2zNbzNi21B6 (z = 0.5, 1, 1.5) and UNb3Ni20B6 ( = 1, 2). The microstructure of these samples 
turned out to be rather complex (Figure S1). EDX and X-ray powder diffraction revealed them to be 
generally multiphasic and containing, along with the cubic phase (sometimes two cubic phases were 
present, a U-rich and a Nb-rich; each one forming a small solubility range, with respective X-ray 
diffraction peaks partially overlapping to each other), Ni3B and small amounts (few %) of UNi4B 
(CeCo4B-type, hP12, P6/mmm, No. 191), UNi5 (AuBe5-type, cF24, F 3m, No. 216) and/or NbNiB2 4
(NbCoB2-type, oP16, Pnma, No. 62).50 Rietveld refinements were performed on the X-ray powder 
diffraction data of three of these samples, i.e. those having nominal composition U1.5Nb0.5Ni21B6, 
UNbNi21B6 and UNb2Ni20B6. The corresponding Rietveld profiles are shown in Figures S2a (two-
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phase sample), S2b (three-phase sample) and S2c, (four-phase sample), respectively; the 
refinements confirmed the presence of the phases identified by SEM-EDX and allowed us to refine 
the composition of the cubic phase(s) (Tables S4 to S6). Single crystal investigation was performed 
on all the five compounds; the data are collected in Table S7, while the atomic coordinates and 
displacement parameters are listed in Tables S8 and S9, respectively. The lattice parameters, 
observed unit cell volumes and volume contractions for the cubic compounds (powder pattern data) 
are collected in Table 4. A comparison of the sites occupation shows a strong competition in the 
occupancy of the 4a and 8c sites by U, Nb and Ni atoms. Both these sites show mixed occupation: 
while the 4a site is occupied by U/Ni only (predominantly by Ni: its content ranging from 0.80 to 
0.99 along the series), the 8c site is filled by U/Nb atoms only (this ratio ranging from 0.25/0.75 to 
0.93/0.07). Therefore, while U atoms occupy both sites, Ni atoms occupy the 4a site (mixing with 
U but not with Nb) and Nb atoms occupy the 8c site (mixing with U but not with Ni). The 32f and 
48h sites remain fully occupied by Ni atoms, thus maintaining a total of 20 at./f.u. Due to the site 
occupancy of both the 4a (U/Ni) and 8c (U/Nb) sites, the structure of these quaternary phases, 
formally (U,Nb,Ni)3Ni20B6, can be assigned to the Mg3Ni20B6-type. Such fractional U/Ni and U/Nb 
occupations result in a mean atomic volume (Vat) of  12 Å3 and  20 Å3 for the atoms hosted in the 
4a and 8c sites, respectively; this is expected on the basis of the atomic size of the three elements 
(whose atomic volume is 20.73 Å3, 18.07 Å3 and 10.93Å3 for U, Nb and Ni, respectively49). This 
experimental evidence indicates that to build up a (thermodynamically) more stable structure 
smaller atoms have to occupy the 4a site and larger atoms the 8c site, which are related to the 
smaller (CN = 12) and larger (CN = 16) coordination polyhedron, respectively (see above). To 
better understand the role of the central atom in the two sites, the volume of the Voronoi 
polyhedron has been calculated for the several quaternary phases by using ToposPro software.51 As 
U atoms occupy both sites, such values have been tentatively plotted against the U content per 
formula unit (Figure 6). For both sites, the volume of the Voronoi polyhedron almost linearly 
increases while increasing the U content in the unit cell. However, a slightly higher slope observed 
in the trend of the 8c site than in that of the 4a site indicates a preference for U atoms to occupy the 
8c site (along with Nb atoms) rather than the 4a site (with Ni atoms).
Two interesting trends have been derived by plotting the mean atomic volume of the atom in the 4a 
and 8c sites versus the averaged values of the Pauling electronegativity (weighed values of 
electronegativity of U/Ni and U/Nb atoms in the two sites calculated using the Pauling 
electronegativity values of 1.38, 1.60 and 1.91 for U, Nb and Ni, respectively) (Figures 7a-c). In the 
two crystallographic sites, a linear decrease of the mean atomic volume is observed while the 
electronegativity is increasing, as a concomitant effect of both atomic volume and electronegativity. 
Overall, a comparison of the two trends highlights the higher electronegativity of the 4a site with 
respect to the 8c site (Figure 7c).
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One question which remains is why in the 4a site Ni does not mix with Nb (as it happens in the 
ternary Nb3yNi20+yB6), Nb being relatively smaller than U and having an electronic configuration 
closer to Ni than to U (both having only s and d electrons in their external shell). Other than the 
atomic size, the factor that leads to the observed preferential occupation could be the 
electronegativity. Among the three atoms, U is the most electropositive while Ni is the most 
electronegative; the larger difference in electronegativity between U and Ni with respect to that 
between Nb and Ni could explain why U and Ni atoms mix at the 4a site. Therefore, not only the 
atomic volume but also the electronegativity and electronic structure appear to play an important 
role in the formation of these complex quaternary phases, where single phase materials are difficult 
to obtain.
Our results can constitute useful experimental data to the modeling of quaternary systems by 
theoretical approach and CALPHAD technique, to help understand and explain the formation of 
quaternary phases.
Physical properties. Magnetic properties were measured for U2Ni21B6, U2.3Ni20.7B6, 
Nb3Ni20B6 and Nb2.5Ni20.5B6. U2Ni21B6 shows Pauli paramagnetic behavior, with a low temperature 
susceptibility of 2  103 emu/mol, as derived from the linear portion (between 35 to 70 kOe) of the 
isothermal magnetization, M(H), at T = 2 K. A similar procedure for the data at 25 K yields almost 
the same value for the susceptibility revealing its truly Pauli paramagnetic nature (Figure 8). Our 
results are in good agreement with the results reported for this compound by Kitagawa et al.,34 
where an itinerant non-magnetic state of U-5f electrons is postulated. In that work, the susceptibility 
data between 6 and 400 K were fitted to an expression consisting of a Curie term and a temperature-
independent component of susceptibility 0. The Curie term furnished an effective magnetic 
moment, µeff, of 0.37 µB, one order of magnitude smaller than the magnetic moment of the U3+ and 
U4+ ions, while 0 was found to be 2.8  103 emu/mol. The latter is comparable to our value 
obtained from isothermal magnetization at 2 and 25 K. Our low-field (50 Oe) susceptibility (inset, 
Figure 8) is higher by more than one order of magnitude in the entire temperature range (300 to 1.8 
K) with respect to the corresponding literature values (Figure 1 of Ref. 30), most likely due to some 
impurity magnetic phase, as inferred from the divergence between zero-field-cooled (ZFC) and 
field-cooled (FC) curves at lower temperatures and from the initial curvature in the M(H) plot at 
low fields. Our magnetization data also indicate that the Ni 3d band in U2Ni21B6 is filled and devoid 
of a magnetic moment. The isothermal magnetization of U2.3Ni20.7B6 as a function of field was 
measured at 5 and 300 K up to a maximum field of 55 kOe. The data are plotted in Figure 9. Except 
for a small rapid increase at very low fields (most likely due to some parasitic impurity phase), the 
magnetization varies linearly with the field, typically characteristic of paramagnets. From the linear 
portion of the M(H) plots, we infer a susceptibility of 3.16  103 emu/mol Oe at 300 K, which 
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increases to 4.66  103 emu/mol Oe at 5 K. It may be noticed that these values are comparable to 
that observed above in U2Ni21B6 and they classify U2.3Ni20.7B6 as a Pauli paramagnet.
The magnetization data as a function of temperature, M(T), taken in fields of 100 Oe and 1 kOe 
(both ZFC and FC) reveal Nb3Ni20B6 to be a Pauli paramagnet (inset, Figure 10). The mild increase 
of magnetization below  20 K is presumably due to some magnetic impurity; its signature is also 
apparent in the M(H) data (main panel, Figure 10), where the plots are not linear in the whole range 
of the applied magnetic field and show a rapid increase at low fields. At T = 2 K and H = 50 kOe 
the magnetization value is just 0.02 B/f.u. suggesting a negligible contribution from Ni atoms to 
the magnetism in Nb3Ni20B6 (Figure 10). The Pauli paramagnetic nature of Nb3Ni20B6 is further 
reiterated by the heat capacity data plotted in Figure 11 as CP/T versus T2. The heat capacity does 
not exhibit an anomaly due to a long-range magnetic or superconducting transition. The solid line is 
a fit to the data of the expression CP/T =  + T2 + T4, where  and  are the coefficients of the 
electronic and lattice heat capacity, respectively, and the third term accounts for the deviation of the 
lattice heat capacity from the T3 dependence as derived in the simple Debye theory. A  value of 
83.8 mJ/mol K2 (2.9 mJ/g atom K2) suggests a slightly increased density of states at the Fermi level 
compared to that in Cu with a  of 0.7 mJ/mol K2. The relatively increased density of states is 
tentatively attributed to the presence of Ni-d electrons at the Fermi level.
Interestingly, the Nb deficient Nb2.5Ni20.5B6 is ferromagnetic with TC  11 K. The inverse 
susceptibility, 1/, of Nb2.5Ni20.5B6 measured in a field of 3 kOe is described satisfactorily by the 
Curie-Weiss expression  = C/(T  P), where the various terms have their usual meaning. The 
Curie constant C furnishes value of µeff = 12.60 µB/f.u. and a Pauli paramagnetic temperature P = 
10.3 K (Figure 12). A positive P indicates a ferromagnetic exchange interaction. The low-
temperature low field (H = 100 Oe) M(T) data (inset, Figure 12) reveal a magnetic transition at 11 
K (as obtained from the peak of the first derivative, d/dT), which is ferromagnetic, as inferred 
from the M(H) data shown in Figure 13. The M(H) plots at 300, 100 and 50 K vary linearly with the 
field, while they show typical ferromagnetic behavior at 10 and 2 K, with a saturation 
magnetization, S, of almost 10 B/f.u. at T = 2 K, corresponding to an average value of  0.49 
µB/Ni if all Ni atoms in the Nb2.5Ni20.5B6 are assumed to carry a magnetic moment; this value is 
very close to the value of 0.48 B reported for pure Ni.52 The data at 2 K were measured twice at 
different times.
The low temperature heat capacity data for Nb2.5Ni20.5B6 are shown in Figure 14. A peak in the 
heat capacity near 10 K with a magnitude of  25 J/mol K confirms a bulk magnetic transition in 
this compound (inset, Figure 14). The main panel of Figure 14 shows the data in the form of CP/T 
versus T2. A linear extrapolation of the data from 10 K2 to 0 gives an intercept of 130 mJ/mol K2 
(4.48 mJ/g atom K2) on the CP/T axis. To find the entropy-change due to the magnetic ordering we 
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have assumed that the lattice heat capacities of iso-structural Nb3Ni20B6 and Nb2.5Ni20B6 are 
identical. The difference heat capacity is also plotted in the main panel of Figure 14. In the 
paramagnetic state, the electronic heat capacity is nearly temperature independent and an 
extrapolation to T = 0 gives a value of  = 572 mJ/mol K2, which is more than four times larger than 
the value extrapolated from the data below TC and more than six times larger than in the Pauli 
paramagnetic Nb3Ni20B6. Apparently, the density of states in the paramagnetic regime is large 
enough in Nb2.5Ni20.5B6 to satisfy the Stoner’s criterion for the onset of itinerant magnetism at TC. 
The integrated entropy is plotted in the inset of Figure 14. Close to TC, the magnetic entropy is 
nearly 13 J/mol K and it keeps increasing above TC. The latter may partly be due to short-range 
order in the paramagnetic regime and the electronic contribution. The electrical resistivity for 
Nb2.5Ni20.5B6 was measured from 300 K to 2 K (Figure 15). The data show a typical metallic 
behavior in the whole temperature range. The resistivity varies smoothly around TC and exhibits no 
perceptible anomaly as the sample is cooled into the magnetically ordered state.
The change of magnetic behavior from Pauli paramagnetism in Nb3Ni20B6 to ferromagnetism in 
Nb2.5Ni20.5B6 is surprising. As mentioned above, in Nb3Ni20B6 the Ni atoms occupy the 32f and 48h 
sites only, while in Nb2.5Ni20.5B6 the Ni atoms partially occupy also the 4a site (with an occupation 
factor of 0.5). An effective magnetic moment, µeff, of 12.60 µB/f.u. found in Nb2.5Ni20.5B6 translates 
into a moment of 17.81 B/Ni if fully attributed only to the “additional” Ni atoms occupying the 4a 
site, which is not tenable as it is too large. Therefore, it is reasonable to assume that all Ni atoms in 
the unit formula carry a magnetic moment (which order magnetically at TC); this assumption leads 
to an average magnetic moment of 2.78 µB/Ni, which is close to the theoretical value of 2.83 B/Ni 
for only spin contribution53). This result strongly suggests that the additional Ni atoms occupying 
the 4a site induce a magnetic moment on all the Ni atoms in the entire unit cell and they all order 
collectively in a ferromagnetic configuration at TC. Assuming a uniform magnetic moment on all 
the Ni atoms, the ratio of µeff/µS at 2 K (µS is the saturation magnetization moment) is  5.6 
(2.78/0.5). A ratio > 1 is taken to imply an itinerant nature of ferromagnetic ordering. It would be 
interesting to investigate by a microscopic probe the magnitude of Ni moments at the three different 
sites.
Theoretical calculations. The experimental results showed that the stable 
crystallographically-ordered compounds are U2Ni21B6 and Nb3Ni20B6, while U3Ni20B6 and 
Nb2Ni20B6 are not forming. To provide a better understanding of these experimental observations, 
DFT-based total-energy calculations using FPLAPW method were performed and the formation 
energies for all four studied compounds were evaluated (Table 5). U3Ni20B6 and Nb2Ni21B6 are 
found to have formation energies of 2.87 and 3.17 meV/cell, respectively. Such positive values of 
formation energies indicate the instability of both compounds; this result is in agreement with the 
experimental observation. For the other two compounds, i.e. U2Ni21B6 and Nb3Ni20B6, the obtained 
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formation energies are 2.85 and 1.52 meV/cell, respectively, which support the structural 
stability of these phases and corroborate our experimental study.
The total density of states (DOS) of the stable compounds (U2Ni21B6 and Nb3Ni20B6) has been 
analyzed and is depicted in Figure 16. The DOS of these phases (Figures 15a and b) are non-spin 
polarized with almost identical contribution from spin-up and spin-down electrons. The DOS plots 
in Figure 16 have been marked with separate colors to show the input from different atomic sites. 
The unoccupied DOS in the vicinity of EF for U2Ni21B6 and Nb3Ni20B6 is mainly contributed by U-
5f and Nb-4d states, respectively. On the other hand, the DOS near to EF in the occupied region is 
admixture of 3d-states of all Ni atoms. The B-2p states, although having a minimal contribution in 
total DOS, play an important role to decide the overall shape of bands via p-d hybridization. Since 
for both compounds all the individual atoms have non-polarized DOS, the net magnetic moment 
appearing on the crystal as a whole is coming out to be almost zero. This observation validates the 
Pauli paramagnetic behavior found in U2Ni21B6 and Nb3Ni20B6.
The experimental data obtained in the investigation of the intermediate compound Nb2.5Ni20.5B6 
prove that both Nb and Ni occupy the 4a-site by equal proportion (50-50 %). As in DFT 
simulations it is not possible to consider partial occupancy of one site by two atoms, a different way 
to study the magnetism observed in this compound had to be adopted. Via both experimental and 
theoretical approach we have already shown that Nb in the 4a site in Nb3Ni20B6 does not induce any 
magnetic exchange interaction. On the other hand, in the hypothetical Nb2Ni21B6 compound a full 
occupancy of the 4a site by Ni atoms occurs. However, the actual compound that has to be 
simulated is Nb2.5Ni20.5B6 (limit of the solid solution Nb2+yNi20yB6) with a magnetic moment of 10 
µB. Hence, to mimic this compound, the Nb2Ni21B6 compound has been considered and a fix-spin 
moment (FSM) calculation generating a total moment of 10 µB has been performed. By doing so, 
the states responsible for giving rise to this large moment in Nb2.5Ni20.5B6 can be predicted. The 
DOS for Nb2Ni21B6 (FSM case) is shown in Figure 16c, which indicates the total DOS is spin-
polarized in nature with unequal contribution from the majority and minority spin channels. The 
magnetic moment in a ferromagnetic material is proportional to the difference of occupied majority 
and minority spin DOS, i.e. (N↑-N↓), where N↑ and N↓ are DOS in the majority spin (spin-up) and 
minority spin (spin-down) states, respectively.54 To show that this difference is significant in 
Nb2Ni21B6 (FSM case), we have separately plotted the DOS of majority and minority spin electrons 
in Figure 17. From this figure, one can conclude that this difference is prominent in the energy 
ranging from 4 eV to 0 eV (Fermi level) in Nb2Ni21B6 (FSM case), resulting in a large magnetic 
moment (10 µB) per cell. On the other hand, for Nb3Ni20B6 such a difference is exactly zero for the 
entire range of energy, which confirms the paramagnetic behavior of this compound. Further, on 
checking the spin magnetic moments at various atoms in Nb2Ni21B6 (FSM case), we observed that 
the main contribution in the total moment comes from Ni-3d states at 4a-site. At other sites, the Ni-
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3d states also contribute to the total moment. Further, some induced moment on the Nb-4d states in 
the 8c-site appears; it aligns parallel to the Ni moments in all the other sites and strengthens the 
total moment of the compound.
To elucidate the chemical bonding and the charge mechanism in the stable U2Ni21B6 and 
Nb3Ni20B6 compounds, total valence electronic charge densities, n(r) along (110) plane, are 
analyzed using the XCrySDen program55 in Figure 18. The behavior of charge densities of both 
compounds is almost identical, and no sudden change in these densities has been observed with 
respect to each other. Along the (110) plane, two arrays of Ni-atoms in U2Ni21B6 or Nb3Ni20B6 are 
sandwiched between two U-B or Nb-B layers and the sharing of electronic charge is visible along 
Ni-B bond, making this bond as a polar covalent. The charge density distribution is essentially 
spherical around Ni and U atoms. The contour plot of electron density in U2Ni21B6 indicates the 
maximum accumulation of charge around U-atom.
 CONCLUSIONS
Alloys with nominal composition U2+xNi21xB6 (0  x  1) and Nb3yNi20+yB6 (0  y  1) were 
prepared and investigated to study the formation, crystal chemistry and physical properties of the 
cubic W2Cr21C6-type and/or Mg3Ni20B6-type phases (ternary derivatives of the Cr23C6-type) 
forming in these two systems. Our results indicate that the structure of parental U2Ni21B6 can host 
additional U at the expense of Ni up to a maximum content of  2.3 at./f.u., reaching the upper limit 
composition of  U2.3Ni20.7B6. At the same time, Nb solubility in the cubic structure starts from 2.5 
at./f.u. and achieves 3.0 at./f.u. with the full stoichiometric composition of Nb3Ni20B6, while the 
lowest composition limit of “Nb2Ni21B6” is not reached. Therefore, the solid solutions forming in 
both systems can be described according to U2+xNi21xB6 (0  x  0.3) and Nb3yNi20+yB6 (0  y  
0.5). Only U2Ni21B6 compound strictly adopts the W2Cr21C6-type, with the Wyckoff site 4a fully 
occupied by Ni atoms only; Nb3Ni20B6 and all the solid solutions U2+xNi21xB6 (for x > 0) and 
Nb3yNi20+yB6 adopt the Mg3Ni20B6-type, where both the 4a and 8c sites are occupied by U/Ni or 
Nb/Ni pairs, respectively. Quaternary (pseudo-ternary) alloys with composition U2zNbzNi21B6 (z = 
0.5, 1, 1.5) and UNb3Ni20B6 ( = 1, 2) have been also investigated. A strong competition in the 
occupancy of the 4a and 8c sites by U, Nb and Ni is found; both sites show mixed occupation with 
the 4a site being occupied by U/Ni atoms only (resulting in a mean atomic value of  12 Å3) and 
the 8c being filled by U/Nb atoms only (showing a mean atomic volume of  20 Å3). Crystallo-
chemical considerations suggest that besides the atomic size, even electronegativity and electronic 
structure play an important role in the formation of these phases.
Magnetic measurements show that U2Ni21B6, U2.3Ni20.7B6 and Nb3Ni20B6 are Pauli paramagnets. 
Interestingly, magnetic susceptibility data show ferromagnetism in Nb2.5Ni20.5B6 with TC  11 K. 
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The low temperature heat capacity data, with a peak near 10 K, confirm the bulk magnetic 
transition in this compound. Its magnetic susceptibility at 3 kOe well follows the Curie-Weiss law 
and furnishes a Pauli paramagnetic temperature P = 10.3 K and an effective paramagnetic moment 
µeff = 12.60 µB/f.u.. This huge value can be justified by assuming that all Ni atoms in the unit 
formula of Nb2.5Ni20.5B6 contribute to the total magnetic moment, with a value of 2.78 µB/Ni (which 
well compares with the expected value of 2.83 µB/Ni). The M(H) data at 2 K and 10 K confirm the 
ferromagnetic behavior; the plot at 2 K reveals a saturation magnetization of almost 10 B/f.u, that 
is  0.5 µB/Ni. This result indicates that the magnetic ordering taking place in the Ni atoms 
occupying the 4a site at TC triggers the ferromagnetic ordering on all other Ni atoms occupying the 
32f and 48h sites of the whole unit cell of Nb2.5Ni20.5B6.
The DFT based simulations using FPLAPW method, which furnish negative formation energies 
for U2Ni21B6 and Nb3Ni20B6, confirm the structural stability of these phases and corroborate the 
experimental results. The total DOS of these two compounds are non-spin polarized and mainly 
contributed by U-5f/Nb-4d states in the vicinity of EF. This gives rise to almost zero magnetic 
moment appearing on the crystal which validates the Pauli paramagnetic behavior of U2Ni21B6 and 
Nb3Ni20B6 as observed experimentally. The solubility-limit compound Nb2.5Ni20.5B6 has been 
simulated by considering Nb2Ni21B6 compound in fix spin moment (FSM) configuration. The main 
contribution in a total moment of 10 µB comes from Ni-3d states present at 4a-site. The Ni-3d states 
at other sites (32f and 48h) also contribute to the total moment; an induced moment on Nb-4d states 
at 8c site aligns parallel to the Ni moments at all sites and strengthens the total moment of the 
compound.
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FIGURES CAPTION
Figure 1. Observed X-ray powder pattern (red circle) and Rietveld refinement profile (black line) 
for the samples with nominal composition U2Ni21B6 (single phase) (a), Nb3Ni20B6 (containing  2 
wt.% of Ni3B) (b) and Nb2Ni21B6 (biphasic sample: Nb2.5Ni20.5B6 and Ni3B) (c). The Bragg angle 
positions are indicated by vertical bars (green); the lower profile (blue line) gives the difference 
between observed and calculated data.
Figure 2. SEM images [backscattered electron (BSE) mode] showing the microstructure of the 
samples prepared on the nominal composition U3Ni20B6 (a) and Nb2Ni21B6 (b) (both multiphasic). 
In U3Ni20B6 sample the dark predominant phase is the cubic U2.3(1)Ni20.7(1)B6 (phase A), the grey 
grains are UNi4B (phase B) and the white grains (in trace) are pertaining to the new ternary U2Ni3B5 
compound (phase C, likely the primary compound). In Nb2Ni21B6 sample the lighter phase is the 
Nb2.5Ni20.5B6 compound (phase A), while the dark grains are Ni3B (phase B).
Figure 3. Schematic representation of the solubility limits of the two ternary solid solutions 
U2+xNi21xB6 and Nb3yNi20+yB6.
Figure 4. Coordination polyhedron (Frank-Kasper polyhedron, CN = 16) around the U atom (a) and 
Nb atom (b) occupying the 8c Wyckoff site in U2Ni21B6 and Nb3Ni20B6, respectively.
Figure 5. Coordination polyhedron (cuboctahedron, CN = 12) around the Ni atom (a) and Nb atom 
(b) occupying the 4a Wyckoff site in U2Ni21B6 and Nb3Ni20B6, respectively.
Figure 6. Trend of the volume of the Voronoi polyhedron (calculated by using ToposPro software) 
of the 4a and 8c crystallographic sites for the several quaternary phases plotted vs. the U content per 
formula unit (single crystal data).
Figure 7. Mean atomic volume (Vat) of the atoms occupying the 4a (a) and 8c (b) Wyckoff sites of 
the (U,Nb,Ni)3Ni20B6 quaternary phases as a function of the weighed Pauling electronegativity [data 
point of the limit composition of the ternaries (U2Ni)Ni20B6 and (U2.24Ni0.76)Ni20B6 have been 
added]. Comparison between the two trends (c).
Figure 8. Isothermal magnetization measured at 2 K and 25 K up to 75 kOe for U2Ni21B6. The inset 
shows the magnetization vs. temperature measured in applied fields of 50 Oe and 1 kOe in the range 
2-300 K.
Figure 9. Isothermal magnetization measured at 5 K and 300 K up to 55 kOe for U2.3Ni20.7B6.
Figure 10. Isothermal magnetization measured at 2 K and 10 K up to 50 kOe for Nb3Ni20B6. The 
inset shows the magnetization vs. temperature measured at 100 Oe and 1 kOe in the range 2-300 K.
Figure 11. Plot of CP/T vs. T2 in between 0 and 30 K for Nb3Ni20B6; the solid line is a fit to the data 
of the expression CP/T =  + T2 + T4.
Figure 12. Inverse magnetic susceptibility vs. temperature between 2 and 300 K for Nb2.5Ni20.5B6; 
the inset shows the susceptibility measured at 100 Oe (in the range 5 - 40 K) and 3 kOe (in the 
range 2 - 40 K).
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Figure 13. Isothermal magnetization measured up to 70 kOe and at several temperatures (2 K, 10 
K, 30 K, 50 K, 100 K and 300 K) for Nb2.5Ni20.5B6; the inset shows the data at 2 K on an enlarged 
scale.
Figure 14. Plot of CP/T vs. T2 between 0 and 30 K for Nb2.5Ni20.5B6; the blue line is the difference 
between the heat capacity, CP, of Nb2.5Ni20.5B6 and that of Nb3Ni20B6. The inset shows the CP and 
the magnetic entropy, Sm, for Nb2.5Ni20.5B6 in the range 2 - 25 K.
Figure 15. Zero-field electrical resistivity vs. temperature measured between 1.9 K and 300 K for 
Nb2.5Ni20.5B6.
Figure 16. Atom resolved (4a, 8c, 32f, 48h and 24e sites) and total DOS for (a) U2Ni21B6, (b) 
Nb3Ni20B6 and (c) Nb2Ni21B6 (FSM case) compounds.
Figure 17. Difference of calculated DOS of majority and minority spin electrons in Nb2Ni21B6 
(FSM case) and Nb3Ni20B6 compounds.
Figure 18. Total valence electron charge density, n(r), in a (110) plane (in units of e/Å3) for the 
stable U2Ni21B6 and Nb3Ni20B6 compounds.
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Table 1. Standardized atomic coordinates for U2.01(1)Ni20.99(1)B6 (Rietveld data), U2.24(1)Ni20.76(1)B6 
(single crystal data), Nb2.50(3)Ni20.50(3)B6 (single crystal data) and Nb2.99(1)Ni20.01(1)B6 (Rietveld data) 
along with the isotropic (Uiso) or equivalent (Ueq) displacement parameters. 
Atomic coordinatesAtom Wyckoff site
x y z
Uiso*/Ueq[Å2] Occupancy
U2.01(1)Ni20.99(1)B6 (Rietveld)*
Ni/U 4a 0 0 0 0.0101(2) 0.9907/0.0093(1)
U 8c 1/4 1/4 1/4 0.00951(3) 1
Ni1 32f 0.38683(1) x x 0.01265(7) 1
Ni2 48h 0 0.16952(1) y 0.01016(5) 1
B 24e 0.2901(2) 0 0 0.0103(7) 1
U2.24(1)Ni20.76(1)B6 (single crystal)
U1/Ni 4a 0 0 0 0.0037(7) 0.245/0.755(8)
U2 8c 1/4 1/4 1/4 0.0049(2) 1
Ni1 32f 0.38662(7) x x 0.0043(2) 1
Ni2 48h 0 0.17072(6) y 0.0050(2) 1
B 24e 0.2679(12) 0 0 0.005(2) 1
Nb2.50(3)Ni20.50(3)B6 (single crystal)
Nb1/Ni 4a 0 0 0 0.0011(4) 0.50/0.50(3)
Nb2 8c 1/4 1/4 1/4 0.0025(2) 1
Ni1 32f 0.38431(4) x x 0.0019(2) 1
Ni2 48h 0 0.17109(4) y 0.0023(2) 1
B 24e 0.2660(8) 0 0 0.0056(13) 1
Nb2.99(1)Ni20.01(1)B6 (Rietveld)**
Nb1/Ni 4a 0 0 0 0.0137(5) 0.993/0.007(1)
Nb2 8c 1/4 1/4 1/4 0.0091(1) 1
Ni1 32f 0.38421(1) x x 0.0108(1) 1
Ni2 48h 0 0.17226(1) y 0.0100(1) 1
B 24e 0.2682(1) 0 0 0.0075(13) 1
* Rietveld data: RB = 0.4 %, RF = 0.6 %, Rwp = 5.2 %, χ2 = 1.7
** Rietveld data: RB = 2.1 %, RF = 1.6 %, Rwp = 9.3 %, χ2 = 4.2. Phase amount: 98.1(3) wt.% of 
Nb2.99(1)Ni20.01(1)B6 and 1.9(1) wt.% of Ni3B.
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Table 2. Single crystal data and refinement details for U2.24(1)Ni20.76(1)B6, Nb2.50(3)Ni20.50(3)B6 and Nb2.77(2)Ni20.23(2)B6 [T = 293(2) K].
Sample nominal composition U3Ni20B6 Nb2Ni20B6 Nb3Ni20B6
Compound U2.245(8)Ni20.755(8)B6 Nb2.50(3)Ni20.50(3)B6 Nb2.77(2)Ni20.23(2)B6
Formula Weight [g/mol] 1817.422 1500.347 1509.584
Structural prototype Mg3Ni20B6 Mg3Ni20B6 Mg3Ni20B6
Pearson symbol cF116 cF116 cF116
Crystal system Cubic Cubic Cubic
Space group  (No. 225)𝐹𝑚3𝑚  (No. 225)𝐹𝑚3𝑚  (No. 225)𝐹𝑚3𝑚
a [Å] 10.6964(5) 10.5614(7) 10.562(4)
Unit cell volume [Å3] 1223.8(2) 1178.1(2) 1178.4(9)
Unit formula per cell, Z 4 4 4
Calculated density, ρ [g/cm3] 9.87 8.46 8.51
Absorption coefficient, µ [mm-1] 60.6 34.1 34.0
F(000) 3271 2826 2840
Crystal description Irregular fragment Irregular fragment Irregular fragment
Crystal size [mm] 0.08  0.07  0.06 0.10  0.10  0.08 0.11  0.08  0.07
Theta range [deg] 3.299º    31.262º 3.341º    40.923º 3.341º    35.369º
14 h  15 18 h  16 16 h  16
–15 k  15 –16 k  15 –16 k  17Index ranges h, k, l
–15 l  15 –7 l  19 –17 l  16
Reflections collected 6693 3377 4580
Independent reflections 137 241 173
Absorption correction Empirical Empirical Empirical
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data/restraints/parameters 137/0/14 241/0/14 173/0/15
Goodness of fit on F2 1.248 1.204 1.269
Final R indices [I> 2σ(I)] R1 = 0.0212, wR2 = 0.0338 R1 = 0.0302, wR2 = 0.0636 R1 = 0.0186, wR2 = 0.0284
R indices (all data) R1 = 0.0239, wR2 = 0.0344 R1 = 0.0436, wR2 = 0.0670 R1 = 0.0234, wR2 = 0.0291
Rint 0.062 0.062 0.059
Largest diff. peak and hole [e–/Å3] +1.34, –1.43 +2.55, –1.95 +1.02, –0.77
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Table 3. Interatomic distances in U2.01(1)Ni20.99(1)B6, (Rietveld data), U2.24(1)Ni20.76(1)B6 (single crystal data), Nb2.50(3)Ni20.50(3)B6 (single crystal data) and 
Nb2.99(1)Ni20.01(1)B6 (Rietveld). Only the first coordination sphere has been taken into account as there is a wide gap between the first and the second coordination 
sphere.
U2.01(1)Ni20.99(1)B6 U2.24(1)Ni20.76(1)B6 Nb2.50(3)Ni20.50(3)B6 Nb2.99(1)Ni20.01(1)B6
Central atom Ligands d [Å] dobs/rM Central atom Ligands d [Å] dobs/rM Central atom Ligands d [Å] dobs/rM Central atom Ligands d [Å] dobs/rM
U (8c) 4 Ni1 2.529(1) 0.901 U1 (8c) 4 Ni1 2.531(1) 0.902 Nb1 (8c) 4 Ni1 2.4568(8) 0.905 Nb2 (8c) 4 Ni1 2.4609(1) 0.907
12 Ni2 2.931(1) 1.045 12 Ni2 2.9307(4) 1.044 12 Ni2 2.8914(3) 1.065 12 Ni2 2.891(1) 1.065
U/Ni (4a) 12 Ni2 2.558(1) 1.025 U/Ni (4a) 12 Ni2 2.582(1) 1.006 Nb/Ni (4a) 12 Ni2 2.5555(7) 0.982 Nb/Ni (4a) 12 Ni2 2.5790(1) 0.951
Ni1 (32f) 1 U 2.529(1) 0.901 Ni1 (32f) 1 U 2.531(1) 0.902 Ni1 (32f) 1 Nb1 2.4568(8) 0.905 Ni1 (32f) 1 Nb2 2.4609(1) 0.907
3 Ni1 2.415(1) 0.969 3 Ni1 2.425(1) 0.973 3 Ni1 2.444(1) 0.981 3 Ni1 2.4516(1) 0.984
6 Ni2 2.683(1) 1.077 6 Ni2 2.6796(6) 1.075 6 Ni2 2.6279(4) 1.055 6 Ni2 2.6257(1) 1.054
0 3 B 1.995(1) 0.896 3 B 2.134(7) 0.959 3 B 2.132(5) 0.958 3 B 2.1245(9) 0.954
Ni2 (48h) 1 Ni/U 2.558(1) 1.025 Ni2 (48h) 1 U/Ni 2.582(1) 1.006 Ni2 (48h) 1 Nb/Ni 2.5555(7) 0.982 Ni2 (48h) 1 Nb/Ni 2.5790(1) 0.951
2 U 2.931(1) 1.045 2 U1 2.9307(4) 1.044 2 Nb1 2.8914(3) 1.065 2 Nb2 2.891(1) 1.065
4 Ni1 2.683(1) 1.077 4 Ni1 2.6796(6) 1.075 4 Ni1 2.6279(4) 1.055 4 Ni1 2.6257(1) 1.054
4 Ni2 2.558(1) 1.026 4 Ni2 2.58291) 1.036 4 Ni2 2.5555(7) 1.025 4 Ni2 2.5790(1) 1.035
1 Ni2 2.429(1) 0.975 1 Ni2 2.399(2) 0.962 1 Ni2 2.357(1) 0.946 1 Ni2 2.3277(1) 0.934
2 B 2.220(1) 0.997 2 B 2.101(6) 0.944 2 B 2.066(4) 0.928 2 B 2.0874(1) 0.938
B (24e) 4 Ni1 1.995(1) 0.896 B (24e) 4 Ni1 2.134(7) 0.959 B (24e) 4 Ni1 2.132(5) 0.958 B (24e) 4 Ni1 2.1245(9) 0.954
4 Ni2 2.220(1) 0.997 4 Ni2 2.101(6) 0.944 4 Ni2 2.066(4) 0.928 4 Ni2 2.0874(7) 0.938
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Table 4. Lattice parameters (a), observed unit cell volume (Vobs) and contraction volume (V%) for 
the four limit compositions of the solid solutions U2+xNi21xB6 and Nb3yNi20+yB6 and for some of 
the quaternary phases (U,Nb,Ni)3Ni20B6 (data from X-ray powder pattern). Phase composition is 
from Rietveld refinement of the compound.
Nominal Phase composition a [Å] Vobs [Å3] V [%]
U2Ni21B6 U2.01(1)Ni20.99(1)B6 10.6701(2) 1214.81(4) 4.60
U3Ni20B6 U2.3(1)Ni20.7(1)B6* 10.7032(1) 1226.14(4) 4.43
Nb2Ni21B6 Nb2.5Ni20.5B6 10.5677(1) 1180.16(4) 6.80
T
er
na
ri
es
Nb3Ni20B6 Nb2.99(1)Ni20.01(1)B6 10.5842(1) 1185.70(4) 7.41
U1.5Nb0.5Ni21B6 U1.37(1)Nb0.66(1)Ni20.97(1)B6 10.6315(1) 1201.66(4) 5.20
U1.01(1)Nb1.11(1)Ni20.88(1)B6 10.6390(1) 1204.20(4) 4.90UNbNi21B6 U1.79(1)Nb0.29(1)Ni20.92(1)B6 10.6638(2) 1212.66(6) 4.75
U1.6(1)Nb0.8(1)Ni20.6(1)B6* 10.6893(3) 1221.37(9) 4.73UNb2Ni20B6 U0.80(1)Nb1.30(1)Ni20.80(1)B6 10.6530(1) 1208.99(4) 4.61Q
ua
te
rn
ar
ie
s
U2NbNi20B6 U1.98(2)Nb0.14(1)Ni20.870(7)B6 10.7144(1) 1230.00(4) 3.61
* Composition from SEM-EDX (not Rietveld refined)
 Composition as from single crystal (not Rietveld refined)
Table 5. Calculated formation energies, ΔH, for the stable U2Ni21B6 and Nb3Ni20B6 and 
hypothetical “U3Ni20B6” and “Nb2Ni21B6” (not forming) with respect to elemental crystal structures.
Compound Formation Energy, ΔH [meV/cell]
U2Ni21B6 2.853
“U3Ni20B6” 2.867
“Nb2Ni21B6” 3.166
Nb3Ni20B6 1.520
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Figure 1. Observed X-ray powder pattern (red circle) and Rietveld refinement profile (black line) 
for the samples with nominal composition U2Ni21B6 (single phase) (a), Nb3Ni20B6 (containing  2 
wt.% of Ni3B) (b) and Nb2Ni21B6 (biphasic sample: Nb2.5Ni20.5B6 and Ni3B) (c). The Bragg angle 
positions are indicated by vertical bars (green); the lower profile (blue line) gives the difference 
between observed and calculated data.
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Figure 2. SEM images [backscattered electron (BSE) mode] showing the microstructure of the 
samples prepared on the nominal composition U3Ni20B6 (a) and Nb2Ni21B6 (b) (both multiphasic). 
In U3Ni20B6 sample the dark predominant phase is the cubic U2.3(1)Ni20.7(1)B6 (phase A), the grey 
grains are UNi4B (phase B) and the white grains (in trace) are pertaining to the new ternary U2Ni3B5 
compound (phase C, likely the primary compound). In Nb2Ni21B6 sample the lighter phase is the 
Nb2.5Ni20.5B6 compound (phase A), while the dark grains are Ni3B (phase B).
Figure 3. Schematic representation of the solubility limits of the two ternary solid solutions 
U2+xNi21xB6 and Nb3yNi20+yB6.
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Figure 4. Coordination polyhedron (Frank-Kasper polyhedron, CN = 16) around the U atom (a) and 
Nb atom (b) occupying the 8c Wyckoff site in U2Ni21B6 and Nb3Ni20B6, respectively.
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Figure 5. Coordination polyhedron (cuboctahedron, CN = 12) around the Ni atom (a) and Nb atom 
(b) occupying the 4a Wyckoff site in U2Ni21B6 and Nb3Ni20B6, respectively.
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Figure 6. Trend of the volume of the Voronoi polyhedron (calculated by using ToposPro software) 
of the 4a and 8c crystallographic sites for the several quaternary phases plotted vs. the U content per 
formula unit (single crystal data).
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Figure 7. Mean atomic volume (Vat) of the atoms occupying the 4a (a) and 8c (b) Wyckoff sites of 
the (U,Nb,Ni)3Ni20B6 quaternary phases as a function of the weighed Pauling electronegativity [data 
point of the limit composition of the ternaries (U2Ni)Ni20B6 and (U2.24Ni0.76)Ni20B6 have been 
added]. Comparison between the two trends (c).
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Figure 8. Isothermal magnetization measured at 2 K and 25 K up to 75 kOe for U2Ni21B6. The inset 
shows the magnetization vs. temperature measured in applied fields of 50 Oe and 1 kOe in the range 
2-300 K.
Figure 9. Isothermal magnetization measured at 5 K and 300 K up to 55 kOe for U2.3Ni20.7B6.
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Figure 10. Isothermal magnetization measured at 2 K and 10 K up to 50 kOe for Nb3Ni20B6. The 
inset shows the magnetization vs. temperature measured at 100 Oe and 1 kOe in the range 2-300 K.
Figure 11. Plot of CP/T vs. T2 in between 0 and 30 K for Nb3Ni20B6; the solid line is a fit to the data 
of the expression CP/T =  + T2 + T4.
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Figure 12. Inverse magnetic susceptibility vs. temperature between 2 and 300 K for Nb2.5Ni20.5B6; 
the inset shows the susceptibility measured at 100 Oe (in the range 5 - 40 K) and 3 kOe (in the 
range 2 - 40 K).
Figure 13. Isothermal magnetization measured up to 70 kOe and at several temperatures (2 K, 10 
K, 30 K, 50 K, 100 K and 300 K) for Nb2.5Ni20.5B6; the inset shows the data at 2 K on an enlarged 
scale.
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Figure 14. Plot of CP/T vs. T2 between 0 and 30 K for Nb2.5Ni20.5B6; the blue line is the difference 
between the heat capacity, CP, of Nb2.5Ni20.5B6 and that of Nb3Ni20B6. The inset shows the CP and 
the magnetic entropy, Sm, for Nb2.5Ni20.5B6 in the range 2 - 25 K.
Figure 15. Zero-field electrical resistivity vs. temperature measured between 1.9 K and 300 K for 
Nb2.5Ni20.5B6.
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37
Figure 16. Atom resolved (4a, 8c, 32f, 48h and 24e sites) and total DOS for (a) U2Ni21B6, (b) 
Nb3Ni20B6 and (c) Nb2Ni21B6 (FSM case) compounds.
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Figure 17. Difference of calculated DOS of majority and minority spin electrons in Nb2Ni21B6 
(FSM case) and Nb3Ni20B6 compounds.
Figure 18. Total valence electron charge density, n(r), in a (110) plane (in units of e/Å3) for the 
stable U2Ni21B6 and Nb3Ni20B6 compounds.
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Figure 1. Observed X-ray powder pattern (red circle) and Rietveld refinement profile (black line) for the 
samples with nominal composition U2Ni21B6 (single phase) (a), Nb3Ni20B6 (containing ≈ 2 wt.% of Ni3B) (b) 
and Nb2Ni21B6 (biphasic sample: Nb2.5Ni20.5B6 and Ni3B) (c). The Bragg angle positions are indicated by 
vertical bars (green); the lower profile (blue line) gives the difference between observed and calculated 
data. 
319x685mm (72 x 72 DPI) 
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Figure 2. SEM images [backscattered electron (BSE) mode] showing the microstructure of the samples 
prepared on the nominal composition U3Ni20B6 (a) and Nb2Ni21B6 (b) (both multiphasic). In U3Ni20B6 
sample the dark predominant phase is the cubic U2.3(1)Ni20.7(1)B6 (phase A), the grey grains are UNi4B 
(phase B) and the white grains (in trace) are pertaining to the new ternary U2Ni3B5 compound (phase C, 
likely the primary compound). In Nb2Ni21B6 sample the lighter phase is the Nb2.5Ni20.5B6 compound (phase 
A), while the dark grains are Ni3B (phase B). 
108x43mm (300 x 300 DPI) 
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Figure 3. Schematic representation of the solubility limits of the two ternary solid solutions U2+xNi21−xB6 
and Nb3−yNi20+yB6. 
287x59mm (150 x 150 DPI) 
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Figure 4. Coordination polyhedron (Frank-Kasper polyhedron, CN = 16) around the U atom (a) and Nb 
atom (b) occupying the 8c Wyckoff site in U2Ni21B6 and Nb3Ni20B6, respectively. 
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Figure 5. Coordination polyhedron (cuboctahedron, CN = 12) around the Ni atom (a) and Nb atom (b) 
occupying the 4a Wyckoff site in U2Ni21B6 and Nb3Ni20B6, respectively. 
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Figure 6. Trend of the volume of the Voronoi polyhedron (calculated by using ToposPro software) of the 4a 
and 8c crystallographic sites for the several quaternary phases plotted vs. the U content per formula unit 
(single crystal data). 
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Figure 7. Mean atomic volume (Vat) of the atoms occupying the 4a (a) and 8c (b) Wyckoff sites of the 
(U,Nb,Ni)3Ni20B6 quaternary phases as a function of the weighed Pauling electronegativity [data point of the 
limit composition of the ternaries (U2Ni)Ni20B6 and (U2.24Ni0.76)Ni20B6 have been added]. Comparison 
between the two trends (c). 
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Figure 8. Isothermal magnetization measured at 2 K and 25 K up to 75 kOe for U2Ni21B6. The inset shows 
the magnetization vs. temperature measured in applied fields of 50 Oe and 1 kOe in the range 2-300 K. 
76x60mm (300 x 300 DPI) 
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Figure 9. Isothermal magnetization measured at 5 K and 300 K up to 55 kOe for U2.3Ni20.7B6. 
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Figure 10. Isothermal magnetization measured at 2 K and 10 K up to 50 kOe for Nb3Ni20B6. The inset 
shows the magnetization vs. temperature measured at 100 Oe and 1 kOe in the range 2-300 K. 
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Figure 11. Plot of CP/T vs. T2 in between 0 and 30 K for Nb3Ni20B6; the solid line is a fit to the data of the 
expression CP/T = γ + βT2 + δT4. 
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Figure 12. Inverse magnetic susceptibility vs. temperature between 2 and 300 K for Nb2.5Ni20.5B6; the 
inset shows the susceptibility measured at 100 Oe (in the range 5 - 40 K) and 3 kOe (in the range 2 - 40 K). 
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Figure 13. Isothermal magnetization measured up to 70 kOe and at several temperatures (2 K, 10 K, 30 K, 
50 K, 100 K and 300 K) for Nb2.5Ni20.5B6; the inset shows the data at 2 K on an enlarged scale. 
131x101mm (300 x 300 DPI) 
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Figure 14. Plot of CP/T vs. T2 between 0 and 30 K for Nb2.5Ni20.5B6; the blue line is the difference between 
the heat capacity, CP, of Nb2.5Ni20.5B6 and that of Nb3Ni20B6. The inset shows the CP and the magnetic 
entropy, Sm, for Nb2.5Ni20.5B6 in the range 2 - 25 K. 
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Figure 15. Zero-field electrical resistivity vs. temperature measured between 1.9 K and 300 K for 
Nb2.5Ni20.5B6. 
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Figure 16. Atom resolved (4a, 8c, 32f, 48h and 24e sites) and total DOS for (a) U2Ni21B6, (b) Nb3Ni20B6 
and (c) Nb2Ni21B6 (FSM case) compounds. 
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Figure 17. Difference of calculated DOS of majority and minority spin electrons in Nb2Ni21B6 (FSM case) 
and Nb3Ni20B6 compounds. 
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Figure 18. Total valence electron charge density, n(r), in a (110) plane (in units of e/Å3) for the stable 
U2Ni21B6 and Nb3Ni20B6 compounds. 
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Figure S1. SEM images [backscattered electron (BSE) mode] showing the microstructure of the quaternary 
samples prepared on the nominal composition UNbNi21B6 (a), UNb2Ni20B6 (b), U1.5Nb0.5Ni21B6 (c) and 
U0.5Nb1.5Ni21B6 (d). In UNbNi21B6 sample (a) the large predominant grains are composed by two different 
phases with composition U1.1(1)Nb1.5(1)Ni20.3(1)B6 (the dark one, as the core) and U1.9(1)Nb0.4(1)Ni20.8(1)B6 
(the light one, similar to a frame); the dark grains (likely forming a eutectic) are Ni3B. In UNb2Ni20B6 
sample (b) the dark dendritic grains (elongated grains) are NbNiB2, while the white phase is UNi5; in the 
matrix, the darker regions pertain to a phase having composition U1.0(1)Nb2.2(1)Ni19.8(1)B6, while the lighter 
regions correspond to a phase with composition U1.2(1)Nb1.9(1)Ni20.8(1)B6. In U1.5Nb0.5Ni21B6 sample (c) the 
matrix is composed by two phases with composition U1.6(1)Nb0.6(1)Ni20.8(1)B6 (darker zones) and 
U1.7(1)Nb0.4(1)Ni20.9(1)B6 (lighter zones); the white grains are UNi5. In U0.5Nb1.5Ni21B6 sample (d) the two 
main phases have composition U0.5(1)Nb2.2(1)Ni20.3(1)B6 (slightly darker) and U1.0(1)Nb1.1(1)Ni20.9(1)B6 
(slightly lighter); the darkest elongated grains are Ni3B (few small grains of Ni, as slightly lighter grey 
regions in between grains of Ni3B, are also present). 
105x84mm (300 x 300 DPI) 
Page 57 of 59
ACS Paragon Plus Environment
Submitted to Inorganic Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 
Figure S2. Observed X-ray powder pattern (red circle) and Rietveld refinement profile (black line) for the 
samples with nominal composition: U1.5Nb0.5Ni21B6 (a), UNbNi21B6 (b) and UNb2Ni20B6 (c). The lower 
profile (blue line) gives the difference between observed and calculated data; the Bragg angle positions are 
indicated by vertical bars (green). The final refined compounds are U1.37(1)Nb0.66(1)Ni20.97(1)B6 (upper row) 
and UNi5 (lower row) in (a); U1.01(1)Nb1.11(1)Ni20.88(1)B6 (upper row), U1.79(1)Nb0.29(1)Ni20.92(1)B6 (middle 
row) and Ni3B (lower row) in (b); U0.90(1)Nb1.30(1)Ni20.80(1)B6 (first row from top), U1.6(1)Nb0.8(1)Ni20.6(1)B6 
(second row), UNi5 (third row) and NbNiB2 (forth row) in (c). 
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Graphical abstract. Crystal structure of the stable and ordered U2Ni21B6 and Nb3Ni20B6 with B polyhedra 
highlighted and the solubility limits of their solid solutions U2+xNi21−xB6 and Nb3−yNi20+yB6. 
274x164mm (150 x 150 DPI) 
Page 59 of 59
ACS Paragon Plus Environment
Submitted to Inorganic Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
